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Abstract
The organs of the female reproductive system are among the most dynamic tissues in the human body, undergoing repeated
cycles of growth and involution from puberty through menopause. To achieve such impressive plasticity, reproductive tissues
must respond not only to soluble signals (hormones, growth factors, and cytokines) but also to physical cues (mechanical forces
and osmotic stress) as well. Here, we review the mechanisms underlying the process of mechanotransduction—how signals are
conveyed from the extracellular matrix that surrounds the cells of reproductive tissues to the downstream molecules and
signaling pathways that coordinate the cellular adaptive response to external forces. Our objective was to examine how
mechanical forces contribute significantly to physiological functions and pathogenesis in reproductive tissues. We highlight how
widespread diseases of the reproductive tract, from preterm labor to tumors of the uterus and breast, result from an impairment
in mechanical signaling.
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Introduction

The reproductive system is dynamic and constantly undergoes

extensive structural remodeling throughout each reproductive

cycle. This is achieved, in part, by changes in the extracellular

matrix (ECM), which are regulated by cyclic hormonal cues as

well as cytokines and growth factors. Although soluble signal-

ing molecules have long been recognized as important factors

in growth, development, differentiation, and function, mechan-

ical signaling (MS) has only been more recently shown to play

a critical role in these functions.

Four decades of research have led to an evolution of thought

from a simplistic and static view of the role of extracellular

structural proteins in gene expression1 to the concept of

mechanotransduction and mechanobiology involving the con-

version of mechanical energy into biochemical energy,2 and

further to an understanding of the ECM as a tensionally inte-

grated structural system that conveys information to other sys-

tems from the macroscale to the nanoscale (for review3).

Mechanotransduction refers to the cellular processes that trans-

late mechanical stimuli into biochemical signals, allowing cells

to adapt to their changing physical environment, of particular

importance in dynamic systems of the reproductive tract. Thus,

the ECM is not static but rather a dynamic structure of col-

lagens, enzymes, proteins and glycoproteins, extracellular

phosphatases, kinases, cytokines, and growth factors. The

ECM senses and responds to cues as subtle and exquisite as

moving air molecules in sound waves, to the constant weight

bearing of hundreds of pounds in a knee joint, or generation

of sufficient force needed to effect vaginal delivery.3

Specifically, the ECM signals directly to cells using cell–

ECM adhesions, such as integrins and focal adhesions.4 Addi-

tionally, the ECM also transduces information to cells via sur-

face processes (cilia and stereocilia), stress on cellular

membranes affecting stretch-sensitive ion channels,5 caveolae

and surface receptors, and tension-dependent enzymes or

proteins,6 and changes in biopolymers.7 Furthermore, it is clear

that fluid in the ECM, the extracellular fluid, can generate

intrinsic mechanical force.8

Through these mechanisms, cells sense mechanical force

based on conformational changes in mechanosensitive proteins

that result in the opening of membrane channels, alterations in

binding affinities, and increased phosphorylation,9 which serve

to activate intracellular signaling pathways. Changes in intracel-

lular force transmission due to alterations in cellular or extracel-

lular structure and organization can lead to mechanosensitive
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signals that may be attenuated or increased, as compared to the

normal state.10 This extraordinary expansion of the field of

matrix biology allowed for the development of new insights into

cell–matrix interactions.

An important concept to grasp is the reciprocal nature of

mechanotransduction—namely that highly dynamic ECM

remodeling, rapid transient cell–cell and cell–matrix occur

during these processes, a phenomenon referred to as dynamic

reciprocity.2,3,11 Mutations or modifications that result in

abnormal mechanotransduction and cellular sensitivity to

mechanical stress can be implicated in the development of

many different diseases (reviewed in12,13). The predominant

mechanism behind disease initiation may be a disruption in

force transmission between the ECM, cellular cytoskeleton,

and the inside of the nucleus.10 Alternatively, mechanotrans-

duction can be altered by mutations in proteins involved in the

downstream signaling pathways.

The ECM conveys physical and chemical signals to the cell

membrane, which in turn leads to signal propagation and

amplification via a complex array of intracellular signals.3,13

As an example, the Rho/Rho-associated protein kinase

(ROCK)/mitogen-activated protein kinase (MAPK) signaling

pathway is one important pathway in mechanotransduction.

RhoA belongs to a family of small guanine triphosphate

(GTP)-binding proteins. Both RhoA and ROCK,14,15 a down-

stream target of Rho, are involved in the regulation of a wide

variety of cellular processes, including changes in cell motility

and morphology, focal adhesion formation, and light-chain

phosphorylation.16 As noted previously, reciprocity is a main

feature of mechanosensitive cells: not only do cells respond

to biophysical and biochemical cues from the ECM but also

they help maintain and remodel the ECM through secretion

of various ECM components and the molecules that degrade

them. Thus, ECM remodeling will produce a matrix that can

be either pliable or stiff depending on protein cross-links, con-

tent of glycoproteins, and other components of the ECM.

Mechanical signaling has previously been well described in

specialized tissues and has also been studied in other tissues

such as blood vessels, stem cells, respiratory epithelium, and

musculoskeletal tissues. Currently, the expanding study of

mechanotransduction is allowing for a wide variety of advance-

ments in reproduction, ranging from improvements in gamete

development and stem cells17 to the development of autologous

vaginal tissue grafts now in use clinically.18,19 Here, we will

review recent work describing the significance of MS in vari-

ous reproductive tissues in both physiological and pathological

states, including the uterus, cervix, endometrium, ovary, and

breast.

Uterus

Uterine Physiology: Normal Pregnancy

Mechanical signaling is important for the extensive adaptation

and remodeling that occurs throughout the course of preg-

nancy, where the human uterus increases from a weight of

approximately 50 g in the nonpregnant state to roughly 1200

g at term to accommodate the growing fetus and products of

conception.20 For the majority of pregnancy, the myometrium

accommodates the increasing mechanical stress and remains

quiescent as the uterus increases in size. Smooth muscle hyper-

trophy is mediated by a number of mechanisms, including both

hormonal cues, such as estrogen21 and progesterone,22 and

mechanical stretch.23,24

Studies investigating the effects of mechanical stretch on

hypertrophy found that passive filling of a nonpregnant uterine

horn with a saline balloon was sufficient to produce an increase

in uterine size secondary to both cell hypertrophy and hyper-

plasia.24 A similar study utilizing wax distention further

showed that in addition to increasing uterine size, physical

stretch had the added effect of promoting collagen formation

and changes in the cell population.25 To tease out the contribu-

tions of endocrine cues versus mechanical stretch, unilaterally

pregnant mice were studied. Greater hypertrophy was observed

in the pregnant horn as compared to the nonpregnant horn, and

regions immediately surrounding a fetus also exhibited more

hypertrophy than regions between fetuses.26,27 These results

suggest that given the same hormonal environment, mechanical

stretch has the ability to stimulate myometrial hypertrophy, and

that the degree of hypertrophy is related to the amount of

stretch applied. This finding is further substantiated by the fact

that hypertrophy, an increase in the production of ECM pro-

teins, has also been shown to be increased in the second half

of gestation, when fetal growth is greatest.28

Mechanical stretch results in the increase in a number of

labor-associated proteins, as well as activation of MAPK cas-

cades, including extracellular signal-regulated kinase 1/2

(ERK1/2) phosphorylation, and ultimately increased transcrip-

tion of various cytoskeleton-related genes (reviewed in29,30).

The mechanism of signal transduction between stretch and

these downstream effectors is unclear but has been proposed

to be related to alterations in calcium signaling.31 Uterine

growth that results from hypertrophy may signify a mechanism

by which increases in tension on the myometrium can be

avoided, such that the uterus can maintain quiescence prior to

parturition.

Near the end of pregnancy, at the time of parturition, the

myometrium undergoes a dramatic switch to a contractile phe-

notype and begins to generate powerful, coordinated contrac-

tions. The mechanisms underlying this switch are poorly

understood, but alterations in the expression of RhoA and focal

adhesion kinase (FAK) are currently being investigated as

potential contributing factors. The messenger RNA (mRNA)

expression of RhoA as well as 2 isoforms of ROCK (a and b)

has been found to be elevated in both pregnant rat32 and

human33 myometrium. Furthermore, using real-time reverse

transcription-polymerase chain reaction, it has been shown

that RhoA mRNA expression was significantly greater in

human pregnant myometrium after labor onset, as compared

to the same myometrium before labor onset as well as non-

pregnant myometrium.34 Collectively, these results suggest

that differential expression of RhoA could be a key player
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in the switch between these myometrial phenotypes. A study

by Li et al35 showed that myometrial stretch results in an

increase in FAK-Src signaling, which is necessary for the

increase in myometrial ERK, one of the signals that leads to

activation prior to the onset of labor. This study also demon-

strated that pretreatment of tissue with PP2, a Src inhibitor,

significantly suppressed stretch-induced increases in FAK,

paxillin, and Src and consequently decreased ERK phosphor-

ylation and myometrial contractility.

Uterine Pathology: Preterm Birth and Leiomyomata

Preterm birth. Preterm birth is the major obstetric cause of peri-

natal morbidity and mortality.36 The cause of preterm birth is

multifactorial and is associated with a number of different

mechanisms, including infection, placental hemorrhage, cervi-

cal insufficiency, and uterine overdistention. Spontaneous idio-

pathic preterm labor is attributed as the cause of 30% to 50% of

all preterm deliveries. Although progesterone plays a key role

in preventing singleton preterm birth, as evidenced by success

of treatment with 17a-hydroxyprogesterone caproate,37 many

studies have failed to demonstrate efficacy of 17a-hydroxypro-

gesterone caproate for preventing preterm birth in multiple

gestation pregnancies, including the recent trial by Lim

et al.38 These results may point to the importance of MS in pre-

term births, particularly in cases of uterine overdistention, an

issue that continues to become more prevalent with advances

in the treatment of infertility.

Regardless of the initiating factor, preterm labor can ulti-

mately be linked to 1 of the 2 pathologic states: (1) a state of

increased contractility of uterine smooth muscle or (2) cervical

insufficiency (see cervix subsequently). Contractility is regu-

lated by intracellular calcium concentration, as well as the sen-

sitivity of the myofilaments within the uterus to calcium.39

Briefly, increased calcium results in phosphorylation of myosin

light chain (MLC), which is catalyzed by MLC kinase and

antagonized by MLC phosphatase (MLCP). RhoA and ROCK

increase calcium sensitization by inhibiting MLCP and increas-

ing the amount of phosphorylated MLC. In this way, RhoA and

ROCK have been implicated in the maintenance of sustained

contraction in cells and are key players in disorders featuring

increased contractility of smooth muscle,34 including hyperten-

sion, angina, and heart failure. Furthermore, treatment with

ROCK inhibitors, such as Y-27632, resulted in potent relaxa-

tion of the myometrium.33 Taken together, these studies point

to a potential Rho-mediated mechanism by which preterm

labor results from factors other than progesterone deficiency,

as well as potential therapeutic strategies to delay labor via

attenuation of such contractility-associated proteins.

Leiomyomata. Although hypertrophy may be protective against

premature disruption of myometrial quiescence during preg-

nancy, the uterus must also be able to involute quickly after

parturition. When this does not occur, pathologic states arise.

It has been proposed that the generation of leiomyomata may

be a pathological state in which myometrial cells that are

normally stimulated to undergo hypertrophy as a result of cer-

tain hormonal and mechanical cues do not receive the signal to

involute and continue to grow and secrete an abnormal ECM

(Figure 1).

Uterine fibroids are characterized by excessive, abnormal,

and disorganized extracellular components.40 One such com-

ponent is collagen, which has been shown to contain an abnor-

mal fibril structure and orientation in uterine fibroids,

suggesting that the well-regulated fibril formation in myome-

trium is altered.41 Additionally, early studies have shown that

leiomyomata and myometrium possess different percentages

of the glycosaminoglycans chondroitin sulfate and dermatan

sulfate (78% in myometrium vs 95% in leiomyoma).42 The

main glycosaminoglycan (GAG) is a D-glucuronic acid-rich

dermatan sulfate whose presence has been shown to directly

correlate with leiomyoma size.43 Furthermore, decorins, which

interact with specific regions on the surface of collagens type I

and II and play a role in organization and assembly of collagen

fibrils, were shown to exist in a higher molecular weight form

as compared to normal myometrium.44 Distribution patterns of

decorin and collagen were completely different in leiomyoma

as compared to normal myometrium when observed by immu-

nofluorescence, and the ratio of decorin to type I collagen was

also increased in leiomyoma.44 Given that uterine fibroids are

primarily composed of this abnormal cell matrix, dissolution of

the ECM is critical for resolution of the bulk symptoms

imposed by these tumors.

In addition to alterations in ECM components, the character-

istics of uterine fibroids are consistent with altered response to

mechanical forces. Uterine fibroids exist in an environment of

increased mechanical stress but have a decreased response to

mechanical cues.45,46 Upon application of stress, it was

observed that myometrial cells reoriented their actin cytoskele-

ton perpendicular to the axis of applied strain, whereas fibroid

cells did not do so as readily.46 Moreover, upon application of

Contrac�lity

Growth factor

Mechanical Signaling Soluble Signaling

Rho

ROCK

MLK

Prolifera�on
ECM

S�ffening

Integrin
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ras
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Figure 1. Attenuated signaling in leiomyoma may lead to impaired
feedback, excessive ECM deposition, and growth. Mechanical signaling
and soluble signaling are shown schematically. Mechanical stress acti-
vates integrins, leading to activation of Rho, contraction of myosin,
stiffening of the cell, and secretion of ECM. Blockage of mechanical sig-
naling, depicted by double bars, could interrupt the feedback loop,
leading to secretion of excessively stiff and abundant ECM and leio-
myoma growth. ECM indicates extracellular matrix.
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mechanical stress in vitro, uterine fibroid cells had decreased

activation of RhoA as compared to myometrium.46 Unconfined

compression in vitro demonstrated increased stiffness of leio-

myomata as compared to surrounding myometrium.45 It has

been postulated that ECM stiffness may play a role in tumori-

genesis,47,48 potentially through the RhoA pathway.49,50

Interestingly, several studies implicate a role for the activa-

tion of the mammalian target of rapamycin (mTOR) by dysre-

gulated phosphoinositide 3-kinase–protein kinase (P13K/AKT)

pathway in the pathogenesis of leiomyomas.51,52 Activation

of mTOR promotes cell growth, differentiation, and prolif-

eration. A recent report suggests that the loss of the RE1

silencing transcription factor (TF)/neuron-restrictive silen-

cing factor along with aberrant G-protein coupled receptor

10 expression activates the mTOR pathway and is a major

factor in leiomyoma pathogenesis.53 It is intriguing that

mTOR activation is induced by mechanical stimuli through

P13K/Akt/mTOR.54

Notably, leiomyomata also have increased fluid content

relative to myometrium and an abnormal response to osmo-

tic stress.55,56 Studies have shown that baseline levels of

nuclear factor of activated T cell 5 (NFAT5), a TF that

responds to osmotic stress, were increased in leiomyomata.57

Moreover, increases in extracellular osmolarity further upre-

gulated expression of NFAT5 and its downstream targets,

aldose reductase and sodium myoinositol transporter 1 in

fibroid cells, leading to an increase in the intracellular

osmolytes sorbitol and inositol.57 Thus, fibroid cells were

capable of maintaining osmotic homeostasis and of preser-

ving their cellular architecture in the face of a hyperosmolar

extracellular milieu. Such tolerance to hyperosmolarity may

support the increased viscoelastic stiffness characteristic of

leiomyomata.

A number of medical therapies for fibroids have been

investigated as alternatives to hysterectomy for women who

desire to preserve fertility. A GnRH analog, leuprolide acet-

ate, has been shown to cause a rapid regression in leiomyoma

size; however, tumors quickly rebound after treatment is dis-

continued.58 Given the low mitotic index exhibited by leio-

myomata, this rebound effect is believed to be due to

alterations in regulation of leiomyoma ECM rather than cell

proliferation. Although it was previously believed that GnRH

analogs promoted uterine fibroid regression primarily through

regulation of gonadal hormone exposure, a recent study by

Britten et al59 showed that these analogs can also act directly

on leiomyoma. In vitro experiments on leiomyoma cells

showed that leuprolide acetate results in an initial increase

in the expression of ECM genes COL1A1, fibronectin, and

versican variant 0, with levels beginning to normalize after

5 days of treatment. Interestingly, recent data suggest that

leuprolide may also contribute to a decrease in fibroid vol-

ume by downregulating NFAT5 signaling,57 leading to a

breakdown in cellular osmotic integrity and a subsequent

efflux of water from the fibroid. These findings are further

substantiated by earlier reports of the presence of GnRH

receptors in surgical specimens of uterine leiomyomas as

well as patient-matched myometrium.60 Thus, as our under-

standing of the importance of mechanical and osmotic sig-

naling in fibroid pathogenesis increases, this may suggest

new approaches to fibroid therapy.

Cervix

Cervix Physiology: Pregnancy

The cervix serves a dual structural function: prior to term, the

cervix is responsible for load bearing and must stay closed to

allow for normal fetal development to occur and at term, the

cervix must dilate to allow for parturition. Cervical mechanical

properties are derived from its ECM. Although the rest of the

uterus is mainly composed of smooth muscle with ECM

between the cells, the cervix contains only 10% to 15% of

smooth muscle and 85% to 90% of ECM.61

The cervix is primarily composed of fibrillar collagen types I

and III.61 Throughout the process of pregnancy, the ratio of type

I to type III collagen, as well as changes in posttranscriptional

processing of collagen monomers and assembly of these mono-

mers into collagen fibrils all affect the mechanical strength of

cervical tissue.62,63 The cervix is composed of 3 zones of struc-

tured collagen that are seamlessly blended.64 The outermost and

innermost zones contain fibers that are primarily longitudinal or

parallel to the canal.64 The middle zone contains fibrils that are

primarily oriented circumferentially.64 Magnetic resonance ima-

ging65 and x-ray studies64 have shown that the cervical collagen

is oriented in a pattern that resists premature cervical deforma-

tion. Alterations in collagen structure and orientation are influ-

enced by the composition of GAGs within the ECM.

The cervix undergoes extensive remodeling during preg-

nancy to prepare for childbirth. This remodeling can be divided

into 4 phases: softening, ripening, dilation, and postpartum

repair.66,67 Cervical tissue compliance progressively increases

beginning in early pregnancy and ends with maximal loss of ten-

sile strength at the time of parturition.68 The gradual changes in

mechanical properties during normal pregnancy are counter-

acted with an increase in tissue volume that allows the cervix

to soften while remaining closed.69,70 The properties of human

cervical tissue vary greatly depending on several factors, which

include biochemical content, obstetric history, anatomical site,

and the direction of loading (reviewed in62). During gestation,

there is active synthesis of type I collagen, and this remains high

throughout pregnancy.71 However, due to an increase in cervical

water and a marked increase in noncollagen proteins and proteo-

glycans, the collagen density decreases—a fact that initially

caused confusion as it was interpreted as collagen degradation.

A study by Read et al66 showed that although collagen solubility

increases during cervical softening, there is no change in the

total collagen content, suggesting that alterations in structure,

rather than amount, are central to cervical remodeling. Others

have proposed that in late pregnancy, the cervix responds to

mechanical stress imposed by the fetal presenting part, which

causes muscle fibers, fibroblasts, and collagenous/elastic tissues

to align parallel to one another.72
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In addition to changes in collagen, alterations in GAGs such

as hyaluronic acid (HA) have been shown to play a role in the

process of parturition. Cervical HA increases from a baseline of

19% of vertical GAGs in early pregnancy to a total of 71% at

term.73 Hyaluronic acid has been shown to exist in a high-

molecular weight form, which is a hydrophilic, space-filling

molecule that increases tissue viscoelasticity before birth and

a low-molecular weight form shortly after birth.74 This high-

molecular weight form helps to increase spacing between

collagen fibers and may contribute to the increase in tissue

hydration seen during this time.74 Furthermore, cyclic mechan-

ical stretch will increase HA expression in cultured human

cervical fibroblasts.75 Timmons et al70 hypothesize that either

prior to or during the onset of labor, there is an increase in the

expression of hyaluronidase and a disintegrin and metallopro-

teinase with thrombospondin-like repeats 1 (ADAMTS1),

which may lead to a disruption of hyaluronidase-versican

cross-links and promote cervical dilation (Figure 2).

Cervix Pathology: Cervical Incompetence

Cervical insufficiency occurs when cervical tissue prematurely

softens, resulting in preterm spontaneous birth. Despite an

alarming rate of preterm births, accounting for 12.5% of all

pregnancies, the etiology of cervical insufficiency is not well

understood. Preterm cervical ripening may occur due to defects

with regulation in timing of the same physiologic process that

occurs at term or from entirely distinct molecular mechanisms.

Acceleration of cervical ripening, at term and preterm, is

associated with a decline in progesterone synthesis, which may

explain why treatment with 17a-hydroxyprogesterone has been

shown to be an effective means of preventing preterm labor in

singleton pregnancies.37

Although the process of labor has long been considered an

inflammatory process, new data from a number of groups have

suggested that immune cells are present but not activated dur-

ing physiological ripening and may be sufficient but not neces-

sary for cervical ripening.76-78 Recent studies using a mouse

model that is administered lipopolysaccharide, found in the

outer membrane of gram-negative bacteria, to mimic a proin-

flammatory response similar to intra-amniotic infection

resulted in a preterm labor without a decrease in P4.79 Thus,

in the case of intra-amniotic infection, it has been hypothesized

that the loss of cervical competency may lead to a compromise

of protection against invading microorganisms, which may

serve to predispose these women to ascending infection, which

is then sufficient to trigger premature cervical ripening. How-

ever, this is not the sole mechanism behind preterm labor, as

administration of a progesterone antagonist, RU286/mifepris-

tone, also resulted in a premature onset of labor, without acti-

vation of proinflammatory cascades.76

In addition to inflammation and withdrawal of progesterone,

defects in mechanical properties or signaling leading to modi-

fications in collagen structure and organization may play a role

in preterm labor. This hypothesis is supported by the increased

incidence of preterm birth in women with inherited defects in

collagen synthesis or assembly.80 Finally, one study noted that

there is a decrease in elastin in the incompetent cervix.81

A B

Cervix –
longitudinal
view

Cervix –
cross-sec�on

Early Pregnancy
- Abundant Collagen ( )

- Scant HA ( )

Late Pregnancy
- Abundant Collagen
- Abundant HA linked

via versican ( )

Labor
- Breakdown of HA and

versican by HAse ( )
and ADAMTS1 ( )

Figure 2. The cervical ECM during pregnancy and parturition. A, The cervix is composed of 3 zones of structured collagen: the outermost and
innermost zones contain fibers arranged longitudinally (parallel to the canal), while the middle zone contains fibrils that are oriented circumfer-
entially. This arrangement is designed to withstand the weight imposed by the gravid uterus. B, The ECM remodeling is essential for cervical
dilation during labor and is initiated by the concerted action of soluble mediators and extrinsic forces imposed by the fetal presenting part. The
increase in HA (cross-linked to versican) promotes tissue hydration through osmosis and spaces out collagen fibers, thus allowing the cervix to
soften while remaining closed. Breakdown of HA and versican by HAse and ADAMTS1 facilitates cervical effacement and dilation during labor.
HA indicates hyaluronic acid; HAse, hyaluronidase; ADAMTS 1, a disintegrin and metalloproteinase with thrombospondin-like repeats 1; ECM
indicates extracellular matrix.
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Elastin is an ECM protein that in its coiled state during gesta-

tion helps retain a growing fetus. As the presenting part of the

fetus descends into the lower uterine segment and into the inner

os of the cervical canal during normal labor, the mechanical

forces generated cause the elastin to stretch. The decreased

elastin in incompetent cervices would thus hinder the ability

of cervix to retain a fetus until term.

Endometrium

Endometrial Physiology: Embryo Implantation

Mechanical signaling is involved in the successful establish-

ment of pregnancy. Embryo implantation is initiated by

embryo attachment to endometrial epithelium followed by a

‘‘decidualization’’ process in the stroma beneath the epithe-

lium into large, round, or polygonal decidual cells. This pro-

cess can be induced in rodents, even in the absence of an

embryo, by diverse mechanical stimuli, including intralum-

inal injections of oil and air,82 and endometrial scratching.83

Clinically, studies have shown that endometrial biopsies—a

form of endometrial injury similar to scratching performed

in rodents—promoted implantation in women undergoing in

vitro fertilization.84

The mechanism by which such mechanical stimuli promote

decidualization may involve the epithelial sodium channel

(ENaC). The ENaC is a mechanosensitive channel, previously

shown to be activated by shear force,85 in addition to ovarian

hormones,86 and serine proteases87,88 in various tissues. A

recent study by Ruan et al89 found that activation of ENaC

triggered downstream production and release of prostaglandin

E2 (PGE2), which was required for embryo implantation. Con-

sistent with a role of ENaC in implantation, these authors

found that the endometrium of women with failed IVF cycles

expressed significantly lower levels of ENaC as compared to

those from women with successful cycles.

Recent studies have also implicated lysophosphatidic acid

(LPA), a small phospholipid, as a potential mediator of on-time

implantation and proper embryo spacing. Lysophosphatidic acid

acts on its cognate receptor LPA3, a G protein-coupled receptor

found on the plasma membrane of endometrial decidual

cells.90 Downstream of LPA receptor activation, the small

GTPase Rho, can be activated, subsequently activating ROCK.

Activation of Rho/ROCK leads to the formation of actin–myo-

sin stress fibers (the contractile apparatus of nonmuscle cells)

and increases cellular contractility through the inhibition of

myosin light-chain phosphatase, which allow for stromal cell

decidualization. Expression of LPA3 itself is upregulated by

the action of progesterone in the mouse uterus.91 Mice defi-

cient in LPA3 exhibited delayed implantation and crowding

of monochorionic embryos near the cervix. This, in turn, was

associated with placental hypertrophy, delayed embryonic

development, and increased embryonic death, leading to a

50% reduction in litter size.92 In a follow-up study, LPA ago-

nists were found to induce peri-implantation uterine contrac-

tions in wild-type mice but not in LPA3 knockout mice. This

decrease in uterine contractions may explain the aberrant

embryo spacing seen in LPA3 knockouts. Additionally, timing

of implantation, but not proper embryo spacing, could be res-

cued by treatment of the dames with PGE2 or carbaprostacy-

clin, suggesting that the effects of LPA may also be mediated

by downstream activation of PGs. This effect of propagation

is also seen in the fallopian tubes. Transmembrane member

16a leads to the Ca efflux, resulting in oviduct pacemaker

activity of the smooth muscle.93 A model for embryo implan-

tation that accounts for both mechanical and soluble signals,

acting via ENaC and LPA3 receptors, and resulting in down-

stream PG production as well as Rho-mediated stress fiber for-

mation is proposed in Figure 3.

Endometrial Pathology: Endometriosis

Endometriosis is a prevalent, chronic condition of

reproductive-aged women, characterized by extrauterine

implants of endometrial epithelial and stromal cells, which

can result in significant pain and are associated with inferti-

lity. Accumulating evidence underscores the significance of

mechanical stress, such as from myometrial movement during

menstruation, in the pathophysiology of endometriosis. Using

an experimental device to stretch cultured endometrial stro-

mal cells, Harada et al94 showed that mechanical stress

induced expression and secretion of the inflammatory media-

tor interleukin 8 (IL-8) from these cells. Stretch also induced

ERK1/2 phosphorylation, and PD98059, an ERK1/2-specific

inhibitor, significantly inhibited the stimulatory effect of

stretch on IL-8 secretion, suggesting that stretch may work via

phosphorylation pathways to promote inflammation. Addi-

tionally, progesterone significantly suppressed the stretch-

induced secretion of IL-8 from endometrial stromal cells,

whereas estradiol did not have any significant effect. These

findings imply that mechanical movement of the uterus may

induce biochemical signals in the endometrium leading to the

creation of a proinflammatory environment, which is counter-

acted by progesterone.

Since endometriosis is an inflammatory condition, uter-

ine contraction-induced IL-8 secretion from the endome-

trium may be involved in the pathogenesis of this disease.

In fact, various investigators have observed IL-8 elevation

in the peritoneal fluid of women with endometriosis, and

the levels correlate with severity of disease.95,96 Interleukin

8 is a cytokine that induces chemotaxis of neutrophils, is a

potent angiogenic agent, stimulates cellular proliferation,

and promotes endometrial cell adherence via an integrin-

mediated mechanism (reviewed in97). Interestingly, IL-8 recep-

tor expression is higher in the eutopic endometrium of women

with endometriosis compared to the endometrium of women

without endometriosis,98 suggesting that there may be a differ-

ence in the endometrial cells themselves which predisposes a

woman to endometriosis. Progesterone, on the other hand, sup-

presses uterine contraction-induced inflammatory responses in

the endometrium, which may explain 1 mechanism behind the

protective role of this hormone in endometriosis.
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Ovary

Ovarian Physiology: Follicular Development and
Ovulation

Folliculogenesis. While the hormonal regulation of folliculogen-

esis has been widely investigated, the role of MS in this process

has received less attention. There is growing evidence that the

3-dimensional architecture and physical properties of the

ovarian ECM, such as its mechanical stiffness, play a critical

role in follicle development by directly impacting cellular

proliferation, differentiation, and growth factor production

and diffusion.

Primordial (dormant) follicles are present at birth and are

composed of a meiotically arrested oocyte surrounded by non-

dividing, squamous pregranulosa cells, encased in a basal

lamina. The follicles are confined to the collagen-rich ovarian

cortex, which offers a rigid physical environment in compari-

son to the medulla.99 In vitro studies have shown that this rigid

physical environment supports follicular architecture, leading

to increased survival: primate primordial follicles cultured in

2% alginate maintained their integrity for longer and exhibited

optimal morphology compared with follicles cultured in 0.5%
alginate.99 On the other hand, the rigidity of the cortical ECM

may also limit expansion of the follicle and consequently

oocyte maturation, maintaining the follicle in its quiescent

state.100 Thus, the ovarian cortex may be characterized as a

‘‘less permissive’’ region of the ovary.

Throughout a woman’s reproductive life span, a subset of

follicles is recruited each cycle and enters the growing follicle

pool. Little is known about what triggers a dormant follicle to

enter the follicular cycle. Follicle-stimulating hormone and

luteinizing hormone (LH) are unlikely candidates for this role,

as primordial follicles lack gonadotropin receptors.101 Rather,

signals intrinsic to the ovary may trigger follicle activation. It

has been demonstrated that genes involved in the PTEN/

P13K/Akt/FOXO3 signaling pathway are important for regu-

lating primordial follicle activation.102 Specifically, the TF

Foxo3 may function as a suppressor of follicular activation; its

conditional deletion in knockout mice led to increased follicu-

lar activation and premature ovarian failure.103 Since expres-

sion of P13K and Akt is mediated by mechanical loading,49

it is interesting to speculate whether mechanotransduction may

contribute to the initial trigger for follicular activation.

Whatever the initial signals that activate growth, as a follicle

migrates to the medulla of the ovary, it encounters a softer,

more permissive biomechanical environment. Secondary and
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larger follicles encapsulated and cultured in 0.25% alginate

grow larger, produce more hormones, and have better quality

gametes compared with those grown in higher alginate concen-

trations.104,105 Although a stiff environment favored high pro-

gesterone and androgen secretion, decreasing alginate stiffness

resulted in estrogen production, which exceeded progesterone

and androgen accumulation.105 This is more reminiscent of the

hormonal milieu of a healthy, growing secondary follicle.

In an effort to recreate the complexities ovarian microenvir-

onment, researchers have developed artificial matrices, or

hydrogels, made up of interpenetrating networks of fibrin and

alginate (FA-IPN) with dynamic, cell-responsive mechanical

properties.106 Although older alginate-only hydrogels, which

are nondegradable, became too rigid to support follicle growth

as the follicle expanded, the fibrin component in FA-IPN

hydrogels degrades over time, thereby changing the matrix to

a softer, more permissible substrate for follicular growth. Thus,

FA-IPN hydrogels mimic, in a temporal fashion, the spatial

migration of a follicle from stiff ovarian cortex to soft medulla.

The FA-IPN gels also allow for bidirectional signaling between

matrix and cell. Cells themselves produce their own ECM com-

ponents, which are incorporated into the alginate scaffold.

Additionally, the very process of fibrin degradation is driven

by soluble factors released by granulosa and thecal stromal

cells, notably plasminogen activator (PA).107,108 The results

of implementation of the FA-IPN matrix are promising: the

rate of meiotically competent oocytes produced by culture in

FA-IPNs was between 75% and 82%,106 in comparison to

67% with the prior alginate-only system.109 Thus, the growing

understanding of the importance of MS in follicular develop-

ment has already began to be translated into advances in tissue

bioengineering, with important implications for the field of

reproductive technology.110

Ovulation. Ovulation—the expulsion of an egg from a mature

follicle—is a complex process. It is triggered by the LH surge,

which in turn stimulates multiple biochemical, biophysical,

and morphological changes in the follicle that ultimately

result in rupture. For rupture to occur, there must either be a

decrease in the tensile strength of the follicle wall or an

increase in the pressure inside the follicle—or, as is the case,

a combination of these events. Follicular rupture is caused in

part by decreased tensile strength at the follicular apex due to

degradation of collagen fibers of the ECM. In addition,

changes in intrafollicular pressure occur during the ovulatory

process and such changes facilitate ultimate rupture of the

weakened follicle.111

The surge in LH that occurs prior to ovulation induces a

wide variety of biochemical cascades, which include synthesis

and secretion of progesterone, PGs, cytokines, and proteolytic

enzymes.112 Under the influence of these mediators, the ECMs

of the tunica albuginea and theca externa, especially at the fol-

licular apex, as well as the basement membrane (BM) separat-

ing the granulosa and thecal cell layers, become fragmented

and disorganized as collagen disintegrates. The process of

ECM degradation is accomplished by a variety of remodeling

enzymes, including matrix metalloproteinases (MMPs), PAs

and plasmin, and ADAMTS.

Inflammatory mediators promote these apical morphologi-

cal changes. Studies have shown that inhibition of PGs with

indomethacin block ovulation,113 and ovulation in cyclooxy-

genase 2 deficient, anovulatory mice can be restored by treat-

ment with PGE2.114 Additionally, tumor necrosis factor a is

a cytokine that is synthesized as an integral membrane protein

and can be liberated by plasmin or an MMP. Tumor necrosis

factor a may have a dual role of promoting breakdown of col-

lagen fibrils and apoptosis of ovarian superficial epithelial cells

in the apical region of preovulatory follicle.115

As the follicular wall beings to thin, the pressure inside the

follicle rises. Recent studies in equine chorionic gonadotropin–

human chorionic gonadotropin primed rats using highly sensi-

tive measurements of very minute, and rapid changes have

enabled researchers to accurately assess intrafollicular pres-

sure. In these studies,111 the basal intrafollicular pressure at the

preovulatory phase was shown to increase gradually through-

out the ovulatory process, peaking at the late ovulatory

phase—this difference was significant. In parallel, the wall ten-

sion index, which is calculated taking into account follicular

size and wall thickness, increased even more markedly from

preovulatory to mid and late ovulatory phases. Additionally,

short-term pressure peaks were evident during the mid and late

ovulatory phases. These peaks are thought to represent ovarian

contractility, and the structures responsible for this sponta-

neous contractility are most likely the smooth muscle cells

(SMCs) found in the theca externa.116,117

There is evidence that PGF-2a and bradykinin may be

involved in the mechanism underlying the increase in intrafol-

licular pressure. Increases in these 2 mediators coincide with

increases in intrafollicular pressure and contractions.111

Mechanistically, inflammatory mediators are vasodilatory and

thus promote fluid transudation from leaky capillaries, increas-

ing levels of follicular fluid and ultimately pressure. Addition-

ally, the increased colloid osmotic pressure in the enzymatic

degradation of follicular fluid mucopolysaccharides further

promotes fluid entry into the follicle.

Finally, endothelin 2 (EDN-2)-mediated contraction may be

a final mechanical signal facilitating ovulation. Endothelin 2 is

transiently expressed in granulosa cells immediately prior to

ovulation.118 Endothelin 2 from granulosa cells diffuses to

theca and SMC layer upon degradation of the BM, where it

binds to EDN receptors (specifically subtype A119) on follicu-

lar wall SMCs. Contraction of individual SMCs results in fol-

licular constriction, which increases follicular pressure and

generates tension in the follicle wall. Eventually, the follicle

ruptures at the apex where the tensile force is weakest due to

the lack of SMCs and low structural integrity. This process is

summarized in Figure 4.

Ovarian Pathology: Polycystic Ovarian Syndrome

Polycystic ovarian syndrome (PCOS) is characterized by insu-

lin resistance, clinical or biochemical signs of androgen excess,
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and polycystic ovaries. Histologically, PCOS ovaries possess

a thick cortex that is densely collagenized.120 Consistent with

the importance of the physical properties of the ovarian ECM

in follicular development, it has been hypothesized that this

relatively dense cortex may create a biomechanically nonper-

missive environment that could contribute to the disease phe-

notype.100 Additionally, the follicles found in a PCOS ovary

are usually small, accumulate in the cortex, and secrete high

levels of androgen and relatively low levels of estrogen.100

This finding is paralleled in in vitro follicular cultures, where

follicles grown in stiffer and denser substrates secrete higher

levels of androgen and progesterone and relatively low levels

of estrogen,105 further supporting a role of MS in PCOS

pathogenesis.

In addition to impaired folliculogenesis, PCOS is also asso-

ciated with anovulation. D’Ascenzo et al121 observed reduced

levels of MMPs in women undergoing assisted reproductive

technology compared with levels from normally ovulating

women. On the other hand, Tarkun et al122 examined levels

of the plasmin activator inhibitor 1 (PAI-1), which counteracts

plasmin-induced proteolysis by blocking plasminogen conver-

sion to plasmin, in women with PCOS and found increased

concentration and activity of PAI-1 in these women. In combi-

nation, these results suggest that women with anovulatory

infertility, including PCOS women, may have a relative inabil-

ity to degrade the ECM due to deficiency in proteolytic

enzymes and/or excess of proteolysis inhibitors.

Breast

Breast Physiology: Mammary Gland Involution

The mammary gland must be able to respond to multiple bio-

chemical and biophysical stimuli in order to fulfill its repro-

ductive functions during pregnancy, lactation, and weaning.

Postlactational involution, in particular, is divided into

2 phases. The first begins hours after weaning, when milk stasis

induces the expression of local factors in the alveolar epithe-

lium, such as leukemia inhibitory factor (LIF), that trigger

apoptosis.123,124 Several days later, there is a decrease in the

circulating levels of the hormone prolactin, which initiates tis-

sue remodeling of the mammary gland. It has been proposed

that cell stretching caused by milk stasis and accumulation sec-

ondary to weaning might be the earliest stimulus that triggers

the expression and release of these phase I local factors,

thereby initiating the remodeling and involution of the mam-

mary gland, well before prolactin levels decrease.125 HC11

nontumorigenic mammary epithelial cells cultured in flexible

silicone membranes and subjected to radial mechanical strain

exhibited a phenotype associated with involution, including

ERK1/2 phosphorylation, increased levels of c-fos mRNA and

protein expression, LIF expression, signal transducers and acti-

vators of transcription 3 (STAT3) activation, and AKT phos-

phorylation inhibition.126

The mechanism by which these diverse molecules promote

apoptosis is dynamic and complex (Figure 5). The MAPK

ERK1/2 is phosphorylated by mechanical stretch and, in turn,

translocates to the nucleus to phosphorylate TFs, notably

c-fos—a monomeric component of the AP-1 family of dimeric

Figure 5. Mammary cell involution in response to stretch. Mechanical
stretch imposed on mammary alveolar cells by milk stasis secondary to
weaning activates the mitogen-activated protein kinase extracellular
signal-regulated kinase 1/2 (ERK1/2) and induces expression of the
mechanosensitive transcription factor STAT3. Downstream of these
molecules, increased expression of the transcription factor c-fos and
its association into AP-1 dimers results in the expression of proapop-
tosis genes. One such gene is leukemia inhibitory factor (LIF), which
feedbacks on the cell to promote further activation of STAT3, thereby
perpetuating the apoptotic signaling pathway. Moreover, STAT3 acti-
vates 2 regulatory subunits of PI3K (p50-a and p55-a), which in turn
inhibits AKT phosphorylation. Phosphorylated AKT provides a critical
cell survival signal that must be silenced during mammary cell involu-
tion. AKT indicates protein kinase; STAT3, signal transducers and acti-
vators of transcription 3.
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Figure 4. Mechanical signaling processes involved in follicle develop-
ment and oocyte maturation. A, The luteinizing hormone (LH) surge
results in increased transcription of genes involves in proteolysis,
inflammation, vascular permeability, and contraction. B, Weakening
of follicular wall and of basement membrane (BM) separating granulosa
and theca layers. C, Diffusion of endothelin 2 (EDN2) to theca externa
layer results in contraction of smooth muscle cell (SMC) and further
increases tension in follicle wall. D, Rupture of the follicle and expul-
sion of the oocyte ensues.
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TFs.127,128 By controlling the expression of genes involved in

cell fate decisions (apoptosis vs cell survival), AP-1 proteins

can be either oncogenic or antioncogenic, depending on dimer

composition as well as on the cellular and genetic context.129 In

mammary cells undergoing involution, AP-1 regulates the

expression of apoptosis genes.

The mechanosensitive TF STAT3 may also promote involu-

tion through at least 2 mechanisms. First, STAT3 also upregu-

lates transcription of c-fos, leading to AP-1 generation and

downstream expression of proapoptosis genes.130 Additionally,

STAT3 induces expression of the PI3K-regulated subunits

p55-a and p50-a, which function to inhibit activation of

PI3K/AKT.131 Phosphorylated AKT provides a critical cell

survival signal that must be silenced during mammary cell

involution. Consistent with a role for AKT downregulation in

mammary gland involution, activated AKT transgenic mice

showed significant delay in the involution process.132 Finally,

a second wave of STAT3 activation may also be due to LIF

secreted by the stretched cells, thereby perpetuating the apop-

totic signaling pathway.126

Breast Pathology: Breast Cancer

Extracellular matrix rigidity induces a malignant phenotype

in mammary epithelial cells.50 Rather than arranged in

relaxed nonoriented fibrils, the collagen in breast tumors is

often highly linearized and either oriented adjacent to the epi-

thelium or projecting perpendicularly into the tissues.133,134

Such stiffness of the ECM upregulates integrin signaling and

promotes focal adhesion assembly. Focal adhesion kinase is

recruited to and activated by the adhesion complex and in turn

activates Rho/ROCK, ERK, and P13K/Akt signaling path-

ways. These pathways act to rearrange the actin cytoskeleton

into stress fibers, which promote cell contractility, migration,

and proliferation.50,134,135

Thus, the breast cancer cell is able to sense and respond to

the stiffness of its substrate via mechanotransduction path-

ways involving integrins, focal adhesion molecules, and

downstream activation of phosphorylation pathways. But

what makes the tumor ECM stiff? Several lines of research

have indicated that cancer cell hypoxia may be partly respon-

sible for ECM remodeling in tumors. Hypoxia increases

expression of lysyl oxidase (LOX) enzyme, which cross-

links collagen, thereby increasing tissue stiffness and angio-

genesis.136 Importantly, LOX upregulation is seen in breast

cancers and correlates with poor prognosis.137

Endocrine signals mediate breast cancer cell behavior

through similar transduction pathways. For instance,

hormone-bound progesterone receptor activates the tyrosine

kinase c-Src, which in turn activates PI3K/Akt and RhoA/

ROCK pathways, and leads to FAK phosphorylation and

increases the formation of FA complexes, thereby initiating

the same cycle of actin cytoskeletal rearrangement and

enhancement of cell migration.138 Additionally, progesterone

receptor themselves may be phosphorylated to an overactive

form by MAPKs, further connecting the biophysical and

biochemical signaling pathways that underlie cancer cell

biology.139

Concluding Remarks

Mechanical signaling is critically important for the essen-

tial, impressive plasticity of the female reproductive tract.

Myometrium, cervix, endometrium, ovary, and breast tis-

sues are all subject to a myriad of mechanical forces—

whether from fetus, embryo, follicle, or milk accumula-

tion—that they must sense and respond to in order to ensure

proper reproductive functioning. We have reviewed many of

the essential players in the process of mechanotransduction:

forces received by the ECM are conveyed to cells via

the activation of integrins and associated focal adhesions,

G-protein-coupled receptors, and ion channels on the plasma

membrane, leading to downstream activation of signaling

cascades (prominently Rho/ROCK, MAPK, and P13K/Akt

pathways) and ultimately changes in cytoskeletal organiza-

tion and gene transcription, which produce the biologic cel-

lular responses. Notably, rearrangement of the actin–myosin

cytoskeleton into stress fibers in response to mechanical

forces produces cellular tension and promotes contractility,

motility, and survival. Increased expression and secretion

of inflammatory mediators, especially PGs, also promote a

contractile phenotype.

A key concept in MS is the importance of ECM–cellular

interactions, which are bidirectional. The ECM generates and

conveys physical and chemical signals to cells. The cells them-

selves respond to these cues by producing the major proteins

that make up the ECM and the enzymes that degrade it.

Another point of integration involves cross-talk between solu-

ble and MS. In particular, MS pathways are subject to modula-

tion by sex steroids, which, of course, are critical players in

reproductive tissues. One, for example, is AKAP13, which

mediates sex steroid receptor activity and is essential for osmo-

tic stress-stimulated NFAT5, a TF, needed for intracellular

osmolarity.140 Overall, the mechanisms that integrate biophysi-

cal and biochemical signals are interrelated and conserved

across these tissues.

Finally, changes in the ECM and/or in the signaling path-

ways that sense and respond to it are important pathologically.

Alterations in mechanotransduction are involved in a wide

range of obstetric and gynecologic pathologies, among which

are featured preterm birth, cervical incompetence, endometrio-

sis, PCOS, and reproductive tract neoplasms including leio-

myomata and breast cancer.

Biologists are beginning to understand the complexities of

cell–matrix interactions in the reproductive tract that are

responsible for mechanical forces that lead to chemical signal-

ing within and without the cell. As the biochemical cascades

triggered by mechanical stimuli in these tissues are studied in

the near future, our understanding of normal reproductive phy-

siology and of reproductive tract pathogenesis will increase and

enable the development of new therapeutic approaches to dis-

ease and new means to enhance normal physiology.

1102 Reproductive Sciences 21(9)

1102



Authors’ Note

Soledad Jorge and Sydney Chang contributed equally to this article.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: SD and

SC were supported by the NIH Clinical Research Training Program.

National Institutes of health for their financial support through grant

ZAI-HD008737 to JHS.

References

1. Bissel MJ, Hall HG, Parry G. How does the extracellular matrix

direct gene expression? J Theor Biol. 1982;99(1):31-68.

2. Ingber DE. Integrins as mechanochemical transducers. Curr Opin

Cell Biol. 1991;3(5):841-848.

3. Ingber DE. Cellular mechanotransduction: putting all the pieces

together again. FASEB J. 2006;20(7):811-827.

4. Kuo JC. Mechanotransduction at focal adhesions: integrating

cytoskeletal mechanics in migrating cells. J Cell Mol Med.

2013;17(6):704-712.

5. Sukharev S, Corey D. Mechanosensitive channels: multiplicity

of families and gating paradigms. Sci STKE. 2004;2004(219):

re4.

6. Sawada Y, Tamada M, Dubin-Thaler BJ, et al. Force sensing by

mechanical extension of the Src family kinase substrate p130Cas.

Cell. 2006;127(5):1015-1026.

7. Putnam AJ, Schultz K, Mooney DJ. Control of microtubule

assembly by the extracellular matrix. Am J Physiol. 2001;

280(3):C556-C564.

8. Agha R, Ogawa R, Pietramaggiori G, Orgill DP. A review of the

role of mechanical forces in cutaneous wound healing. J Surg Res.

2011;171(2):700-708.

9. Tamada M, Sheetz MP, Sawada Y. Activation of a signaling cas-

cade by cytoskeletal stretch. Dev Cell. 2004;7(5):709-718.

10. Jaalouk DE, Lammerding J. Mechanotransduction gone awry. Nat

Rev Mol Cell Biol. 2009;10(1):63-73.

11. Ghosh K, Ingber DE. Micromechanical control of cell and tissue

development: implications for tissue engineering. Adv Drug Deliv

Rev. 2007;10(13):1306-1318.

12. Boudreau N, Bissell MJ. Extracellular matrix signaling: integra-

tion of form and function in normal and malignant cells. Curr

Poin Cell Biol. 1998;10(5):640-646.

13. Hubmacher D, Apte SS. The biology of the extracellular matrix:

novel insights. Curr Opin Rheumatol. 2013;25(1):65-70.

14. Mammoto A, Mommoto T, Ingber DE. Rho signaling and

mechanical control of vascular development. Curr Opin Hematol.

2008;15(3):228-234.

15. Liu H, Tang Liling. Mechano-regulation of alternative splicing.

Curr Genomics. 2013;14(1):49-55.

16. Amano M, Chihara K, Kimura K, et al. Formation of actin stress

fibers and focal adhesions enhanced by Rho-kinase. Science.

1997;275(5304):1308-1311.

17. Chen G, Lv Y, Guo P, et al. Matrix mechanics and fluid shear

stress control stem cells fate in three dimensional microenviron-

ment. Curr Stem Cell Res Ther. 2013;8(4):313-323.

18. Raya-Rivera AM, Esquiliano D, Fierro-Pastrana R, et al.

Tissue-engineered autologous vaginal organs in patients: a

pilot cohort study [published online 11 April 2014]. Lancet.

2014.

19. Brown BN, Badylak SF. Extracellular matrix as an inductive scaf-

fold for functional tissue reconstruction. Transl Res. 2014;163(4):

268-285.

20. Monga M, Sanborn BM. Biology and physiology of the reproduc-

tive tract and control of myometrial contraction. In: Creasy R,

Resnik R, Iams J, eds. Maternal–Fetal Medicine: Principles and

Practice. Philadelphia, PA: Saunders; 2004; 68-78.

21. Martin L, Finn CA, Trinder G. Hypertrophy and hyperplasia in the

mouse uterus after oestrogen treatment: an autoradiographic

study. J Endocrinol. 1973;56(1):133-144.

22. Koseki Y, Fujimoto GI. Progesterone effects contrasted with

17beta-estradiol on DNA synthesis and epithelial nuclear prolif-

eration in the castrate rabbit uterus. Biol Reprod. 1974;10(5):

596-604.

23. Csapo A, Erdos T, De Mattos CR, Gramss E, Moscowitz C.

Stretch-induced uterine growth, protein synthesis and function.

Nature. 1965;207(5004):1378-1379.

24. Douglas AJ, Clarke EW, Goldspink DF. Influence of mechanical

stretch on growth and protein turnover of rat uterus. Am J Physiol.

1988;254:E543-E548.

25. Cullen BM, Harkness RD. Collagen formation and changes in cell

population in the rat’s uterus after distension with wax. Q J Exp

Physiol Cogn Med Sci. 1968;53(1):33-42.

26. Goldspink DF, Douglas AJ. Protein turnover in gravid and non-

gravid horns of uterus in pregnant rats. Am J Physiol. 1988;

254(5 pt 1):E549-E554.

27. Shynlova O, Kwong R, Lye SJ. Mechanical stretch regulates

hypertrophic phenotype of the myometrium during pregnancy.

Reproduction. 2010;139(1):247-253.

28. Shynlova O, Oldenhof A, Dorogin A, et al. Myometrial apoptosis:

activation of the caspase cascade in the pregnant rat myometrium

at midgestation. Biol Reprod. 2006;74(5):839-849.

29. Shynlova O, Lee Y, Srikhajon K, Lye SJ. Physiologic uterine

inflammation and labor onset: integratin of endocrine and

mechanical signals. Reprod Sci. 2012;20(2):154-167.

30. Salameh A, Dhein S. Effects of mechanical forces and stretch on

intracellular gap junction coupling. Biochem Biophys Acta. 2013;

1828(1):147-156.

31. Dalrymple A, Mahn K, Poston L, Songu-Mize E, Tribe RM.

Mechanical stretch regulates TRPC expression and calcium entry

in human myometrial smooth muscle cells. Mol Hum Reprod.

2007;13(3):171-179.

32. Niiro N, Nishimura J, Sakihara C, Nakano H, Kanaide H. Up-

regulation of rho A and rho-kinase mRNAs in the rat myome-

trium during pregnancy. Biochem Biophys Res Commun. 1997;

230(2):356-359.

33. Moran CJ, Friel AM, Smith TJ, Cairns M, Morrison JJ. Expres-

sion and modulation of Rho kinase in human pregnant myome-

trium. Mol Hum Reprod. 2002;8(2):196-200.

Jorge et al 1103

1103



34. Friel AM, Curley M, Ravikumar N, Smith TJ, Morrison JJ. Rho

A/Rho kinase mRNA and protein levels in human myometrium

during pregnancy and labor. J Soc Gynecol Investig. 2005;

12(1):20-27.

35. Li Y, Gallant C, Malek S, Morgan KG. Focal adhesion signal-

ing is required for myometrial ERK activation and contractile

phenotype switch before labor. J Cell Biochem. 2007;100(1):

129-140.

36. Goldenberg RL, Rouse DJ. Prevention of premature birth. N Engl

J Med. 1998;339(5):313-320.

37. Meis PJ, Klebanoff M, Thom E, et al. Prevention of recurrent pre-

term delivery by 17 alpha-hydroxyprogesterone caproate. N Engl

J Med. 2003;348(24):2379-2385.

38. Lim AC, Schuit E, Bloemenkamp K, et al. 17alpha-

hydroxyprogesterone caproate for the prevention of adverse neo-

natal outcome in multiple pregnancies: a randomized controlled

trial. Obstet Gynecol. 2011;118(3):513-520.

39. Sanborn BM. Hormones and calcium: mechanisms controlling

uterine smooth muscle contractile activity. The Litchfield Lecture.

Exp Physiol. 2001;86(2):223-237.

40. Berto AG, Oba SM, Michelacci YM, Sampaio LO. Galactosami-

noglycans from normal myometrium and leiomyoma. Braz J Med

Biol Res. 2001;34:633-637.

41. Malik M, Norian J, McCarthy-Keith D, Britten J, Catherino WH.

Why leiomyomas are called fibroids: the central role of extracel-

lular matrix in symptomatic women. Semin Reprod Med. 2010;

28(3):169-179.

42. Leppert PC, Baginski T, Prupas C, Catherino WH, Pletcher S,

Segars JH. Comparative ultrastructure of collagen fibrils in uter-

ine leiomyomas and normal myometrium. Fertil Steril. 2004;

82(suppl 3):1182-117.

43. Sampaio LO, Dietrich CP, Filho OG. Changes in sulfated muco-

polysaccharide composition of mammalian tissues during growth

and in cancer tissues. Biochim Biophys Acta. 1977;498(1):

123-131.

44. Berto AG, Sampaio LO, Franco CR, Cesar RM Jr, Michelacci

YM. A comparative analysis of structure and spatial distribution

of decorin in human leiomyoma and normal myometrium. Bio-

chim Biophys Acta. 2003;1619(1):98-112.

45. Rogers R, Norian J, Malik M, et al. Mechanical homeostasis is

altered in uterine leiomyoma. Am J Obstet Gynecol. 2008;

198(4):474. e1-e11.

46. Norian JM, Owen CM, Taboas J, et al. Characterization of tissue

biomechanics and mechanical signaling in uterine leiomyoma.

Matrix Biol. 2012;31(1):57-65.

47. Ingber DE. Can cancer be reversed by engineering the tumor

microenvironment? Semin Cancer Biol. 2008;18(5):356-364.

48. Butcher DT, Alliston T, Weaver VM. A tense situation: forcing

tumour progression. Nat Rev Cancer. 2009;9(2):108-122.

49. Paszek MJ, Weaver VM. The tension mounts: mechanics meets

morphogenesis and malignancy. J Mammary Gland Biol Neopla-

sia. 2004;9(4):325-342.

50. Paszek MJ, Zahir N, Johnson KR, et al. Tensional homeostasis

and the malignant phenotype. Cancer Cell. 2005;8(3):241-254.

51. Crabtree JS, Jelinsky SA, Harris HA, et al. Comparison of human

and rat uterine leiomyomata: identification of a dysregulated

mammalian target of rapamycin pathway. Cancer Res. 2009;

69(15):6171-6178.

52. Karra L, Shushan A, Ben-Meir A, et al. Changes related to

phosphatidylinositol 3-kinase/Akt signaling in leiomyomas:

possible involvement of glycogen synthase kinase 3alpha and

cyclin D2 in the pathophysiology. Fertil Steril. 2010;93(8):

2646-2651.

53. Varghese BV, Koohestani F, McWilliams M, et al. Loss of the

repressor REST in uterine fibroids promotes aberrant G protein-

coupled receptor 10 expression and activates mammalian target

of rapamycin pathway. Proc Natl Acad Sci USA. 2013;110(6):

2187-2192.

54. Zanchi NE, Lancha AH Jr. Mechanical stimuli of skeletal muscle:

implications on mTOR/p70s6k and protein synthesis. Eur J Appl

Physiol. 2008;102(3):253-263.

55. Aleem FA, Predanic M. The hemodynamic effect of GnRH ago-

nist therapy on uterine leiomyoma vascularity: a prospective

study using transvaginal color Doppler sonography. Gynecol

Endocrinol. 1995;9(3):253-258.

56. Okuda S, Oshio K, Shinmoto H, et al. Semiquantitative assess-

ment of MR imaging in prediction of efficacy of gonadotropin-

releasing hormone agonist for volume reduction of uterine leio-

myoma: initial experience. Radiology. 2008;248(3):917-924.

57. McCarthy-Keith DM, Malik M, Britten J, Segars J, Catherino

WH. Gonadotropin-releasing hormone agonist increases expres-

sion of osmotic response genes in leiomyoma cells. Fertil Steril.

2011;95(7):2383-2387.

58. West CP, Lumsden MA, Lawson S, Williamson J, Baird DT.

Shrinkage of uterine fibroids during therapy with goserelin

(Zoladex): a luteinizing hormone-releasing hormone agonist

administered as a monthly subcutaneous depot. Fertil Steril.

1987;48(1):45-51.

59. Britten JL, Malik M, Levy G, Mendoza M, Catherino WH.

Gonadotropin-releasing hormone (GnRH) agonist leuprolide

acetate and GnRH antagonist cetrorelix acetate directly inhibit

leiomyoma extracellular matrix production. Fertil Steril. 2012;

98(5):1299-1307.

60. Parker JD, Malik M, Catherino WH. Human myometrium and

leiomyomas express gonadotropin-releasing hormone 2 and

gonadotropin-releasing hormone 2 receptor. Fertil Steril. 2007;

88(1):39-46.

61. Leppert PC. Anatomy and physiology of cervical ripening. Clin

Obstet Gynecol. 1995;38(2):267-279.

62. Myers KM, Socrate S, Paskaleva A, House M. A study of the ani-

sotropy and tension/compression behavior of human cervical tis-

sue. J Biomech Eng. 2010;132(2):021003.

63. Liu X, Wu H, Byrne M, Krane S, Jaenisch R. Type III col-

lagen is crucial for collagen I fibrillogenesis and for normal

cardiovascular development. Proc Natl Acad Sci USA. 1997;

94(5):1852-1856.

64. Aspden RM. Collagen organisation in the cervix and its relation to

mechanical function. Coll Relat Res. 1988;8(2):103-112.

65. Weiss S, Jaermann T, Schmid P, et al. Three-dimensional fiber

architecture of the nonpregnant human uterus determined ex vivo

using magnetic resonance diffusion tensor imaging. Anat Rec A

Discov Mol Cell Evol Biol. 2006;288(1):84-90.

1104 Reproductive Sciences 21(9)

1104



66. Read CP, Word RA, Ruscheinsky MA, Timmons BC, Mahendroo

MS. Cervical remodeling during pregnancy and parturition: mole-

cular characterization of the softening phase in mice. Reproduc-

tion. 2007;134(2):327-340.

67. Word RA, Li XH, Hnat M, Carrick K. Dynamics of cervical remo-

deling during pregnancy and parturition: mechanisms and current

concepts. Semin Reprod Med. 2007;25(1):69-79.

68. House M, Kaplan DL, Socrate S. Relationships between mechan-

ical properties and extracellular matrix constituents of the cervical

stroma during pregnancy. Semin Perinatol. 2009;33(5):300-307.

69. Drzewiecki G, Tozzi C, Yu SY, Leppert PC. A dual mechanism of

biochemical change in rat cervix in gestation and postpartum:

applied vascular mechanics. Cardiovasc Eng. 2005;5(4):187-193.

70. Timmons B, Akins M, Mahendroo M. Cervical remodeling during

pregnancy and parturition. Trends Endocrinol Metab. 2010;21(6):

353-361.

71. Leppert PC, Woessner JF. The Extracellular Matrix of the Uterus,

Cervix and Fetal Membranes: Synthesis, Degradation and Hor-

monal Regulation. Ithaca, NY: Perinatology Press; 1991:68-76.

72. Leppert P. Cervical softening, effacement and dilatation: a com-

plex biochemical cascade. J Maternal Fetal Med. 1992;1(4):

213-223.

73. Akgul Y, Holt R, Mummert M, Word A, Mahendroo M. Dynamic

changes in cervical glycosaminoglycan composition during nor-

mal pregnancy and preterm birth. Endocrinology. 2012;153(7):

3493-503.

74. Ruscheinsky M, De la Motte C, Mahendroo M. Hyaluronan and

its binding proteins during cervical ripening and parturition:

dynamic changes in size, distribution and temporal sequence.

Matrix Biol. 2008;27(5):487-497.

75. Takemura M, Itoh H, Sagawa N, et al. Cyclic mechanical stretch

augments hyaluronan production in cultured human uterine cervi-

cal fibroblast cells. Mol Hum Reprod. 2005;11(9):659-665.

76. Gonzalez JM, Xu H, Chai J, Ofori E, Elovitz MA. Preterm and

term cervical ripening in CD1 Mice (Mus musculus): similar or

divergent molecular mechanisms? Biol Reprod. 2009;81(6):

1226-1232.

77. Timmons BC, Mahendroo MS. Timing of neutrophil activation

and expression of proinflammatory markers do not support a role

for neutrophils in cervical ripening in the mouse. Biol Reprod.

2006;74(2):236-245.

78. Timmons BC, Fairhurst AM, Mahendroo MS. Temporal changes

in myeloid cells in the cervix during pregnancy and parturition.

J Immunol. 2009;182(5):2700-2707.

79. Hirsch E, Muhle R. Intrauterine bacterial inoculation induces

labor in the mouse by mechanisms other than progesterone with-

drawal. Biol Reprod. 2002;67(4):1337-1341.

80. Anum EA, Hill LD, Pandya A, Strauss JF III. Connective tissue

and related disorders and preterm birth: clues to genes contribut-

ing to prematurity. Placenta. 2009;30(3):207-215.

81. Leppert PC, Yu SY, Keller S, Cerreta J, Mandl I. Decreased

elastic fibers and desmosine content in incompetent cervix.

Am J Obstet Gynecol. 1987;157(5):1134-1139.

82. Finn CA. Endocrine control of endometrial sensitivity during the

induction of the decidual cell reaction in the mouse. J Endocrinol.

1966;36(3):239-248.

83. Lejeune B, Lecocq R, Lamy F, Leroy F. Changes in the pattern

of endometrial protein synthesis during decidualization in the

rat. J Reprod Fertil. 1982;66(2):519-523.

84. Almog B, Shalom-Paz E, Dufort D, Tulandi T. Promoting implan-

tation by local injury to the endometrium. Fertil Steril. 2010;

94(6):2026-2029.

85. Fronius M, Clauss WG. Mechano-sensitivity of ENaC: may the

(shear) force be with you. Pflugers Arch. 2008;455(5):775-785.

86. Chan LN, Tsang LL, Rowlands DK, et al. Distribution and regu-

lation of ENaC subunit and CFTR mRNA expression in murine

female reproductive tract. J Membr Biol. 2002;185(2):165-176.

87. Kleyman TR, Carattino MD, Hughey RP. ENaC at the cutting

edge: regulation of epithelial sodium channels by proteases. J Biol

Chem. 2009;284(31):20447-20451.

88. Vallet V, Chraibi A, Gaeggeler HP, Horisberger JD, Rossier BC.

An epithelial serine protease activates the amiloride-sensitive

sodium channel. Nature. 1997;389(6651):607-610.

89. Ruan YC, Guo JH, Liu X, et al. Activation of the epithelial Na(þ)

channel triggers prostaglandin E(2) release and production

required for embryo implantation. Nat Med. 2012;18(7):

1112-1117.

90. Hama K, Aoki J, Inoue A, et al. Embryo spacing and implantation

timing are differentially regulated by LPA3-mediated lysopho-

sphatidic acid signaling in mice. Biol Reprod. 2007;77(6):

954-959.

91. Hama K, Aoki J, Bandoh K, et al. Lysophosphatidic receptor,

LPA3, is positively and negatively regulated by progesterone and

estrogen in the mouse uterus. Life Sci. 2006;79(18):1736-1740.

92. Ye X, Hama K, Contos JJ, et al. LPA3-mediated lysophosphatidic

acid signalling in embryo implantation and spacing. Nature. 2005;

435(7038):104-108.

93. Dixon RE, Hennig GW, Baker SA, et al. Electrical slow waves in

the mouse oviduct are dependent epon a calcium activated chlor-

ide conductance encoded by Temem16a. Biol Reprod. 2012;

86(1):1-7.

94. Harada M, Osuga Y, Hirota Y, et al. Mechanical stretch stimulates

interleukin-8 production in endometrial stromal cells: possible

implications in endometrium-related events. J Clin Enocrinol

Metab. 2005;90(2):1144-1148.

95. Ryan IP, Tseng JF, Schriock ED, Khorram O, Landers DV,

Taylor RN. Interleukin-8 concentrations are elevated in perito-

neal fluid of women with endometriosis. Fertil Steril. 1995;

63(4):929-932.

96. Calhaz-Jorge C, Costa AP, Santos MC, Palma-Carlos ML. Perito-

neal fluid concentrations of interleukin-8 in patients with endome-

triosis depend on the severity of the disorder and are higher in the

luteal phase. Hum Reprod. 2003;18(3):593-597.

97. Arici A. Local cytokines in endometrial tissue: the role of

interleukin-8 in the pathogenesis of endometriosis. Ann N Y Acad

Sci. 2002;955:101-109; discussion 18, 396-406.

98. Ulukus M, Ulukus EC, Seval Y, Zheng W, Arici A. Expression of

interleukin-8 receptors in endometriosis. Hum Reprod. 2005;

20(3):794-801.

99. Hornick JE, Duncan FE, Shea LD, Woodruff TK. Isolated primate

primordial follicles require a rigid physical environment to sur-

vive and grow in vitro. Hum Reprod. 2012;27(6):1801-1810.

Jorge et al 1105

1105



100. Woodruff TK, Shea LD. A new hypothesis regarding ovarian

follicle development: ovarian rigidity as a regulator of selection

and health. J Assist Reprod Genet. 2011;28(1):3-6.

101. Tingen C, Kim A, Woodruff TK. The primordial pool of follicles

and nest breakdown in mammalian ovaries. Mol Hum Reprod.

2009;15(12):795-803.

102. John GB, Gallardo TD, Shirley LJ, Castrillon DH. Foxo3 is a

PI3K-dependent molecular switch controlling the initiation of

oocyte growth. Dev Biol. 2008;321(1):197-204.

103. Castrillon DH, Miao L, Kollipara R, Horner JW, DePinho RA.

Suppression of ovarian follicle activation in mice by the tran-

scription factor Foxo3a. Science. 2003;301(5630):215-218.

104. Xu M, Kreeger PK, Shea LD, Woodruff TK. Tissue-engineered

follicles produce live, fertile offspring. Tissue Eng. 2006;12(10):

2739-2746.

105. West ER, Xu M, Woodruff TK, Shea LD. Physical properties of

alginate hydrogels and their effects on in vitro follicle develop-

ment. Biomaterials. 2007;28(30):4439-4448.

106. Shikanov A, Xu M, Woodruff TK, Shea LD. Interpenetrating

fibrin-alginate matrices for in vitro ovarian follicle development.

Biomaterials. 2009;30(29):5476-5485.

107. LaPolt PS, Lu JK. Effects of aging on luteinizing hormone secre-

tion, ovulation, and ovarian tissue-type plasminogen activator

expression. Exp Biol Med. 2001;226(2):127-132.

108. LaPolt PS, Yamoto M, Veljkovic M, et al. Basic fibroblast

growth factor induction of granulosa cell tissue-type plasmino-

gen activator expression and oocyte maturation: potential role

as a paracrine ovarian hormone. Endocrinology. 1990;127(5):

2357-2363.

109. Xu M, West E, Shea LD, Woodruff TK. Identification of a stage-

specific permissive in vitro culture environment for follicle

growth and oocyte development. Biol Reprod. 2006;75(6):

916-923.

110. Kawamura K, Cheng Y, Suzuki N, et al. Hippo signaling disrup-

tion and Akt stimulation of ovarian follicles for infertility treat-

ment. Proc Natl Acad Sci USA. 2013;110(43):17474-17479.

111. Matousek M, Carati C, Gannon B, Brannstrom M. Novel method

for intrafollicular pressure measurements in the rat ovary:

increased intrafollicular pressure after hCG stimulation. Repro-

duction. 2001;121(2):307-314.

112. Curry TE Jr, Smith MF. Impact of extracellular matrix remodel-

ing on ovulation and the folliculo-luteal transition. Semin

Reprod Med. 2006;24(4):228-241.

113. Espey LLLH. Ovulation. In: Knobil ENJ, ed. The Physiology

of Reproduction. 2nd ed. New York: Raven Press; 1994:

725-780.

114. Davis BJ, Lennard DE, Lee CA, et al. Anovulation in

cyclooxygenase-2-deficient mice is restored by prostaglandin

E2 and interleukin-1beta. Endocrinology. 1999;140(6):

2685-2695.

115. Murdoch WJ, Gottsch ML. Proteolytic mechanisms in the ovu-

latory folliculo-luteal transformation. Connect Tissue Res.

2003;44(1):50-57.

116. P T. Muscular apparatus of the ovarian follicle. In: Familiari G,

Makabe S, Motta PM, eds. Ultrastructure of the Ovary. Amster-

dam: Kluwer Academic Publishers; 1991:129-141.

117. Walles B, Groschel-Stewart U, Kannisto P, Owman C, Sjoberg

NO, Unsicker K. Immunocytochemical demonstration of con-

tractile cells in the human ovarian follicle. Experientia. 1990;

46(7):682-683.

118. Ko C, Gieske MC, Al-Alem L, et al. Endothelin-2 in ovarian fol-

licle rupture. Endocrinology. 2006;147(4):1770-1779.

119. Bridges PJ, Jo M, Al Alem L, et al. Production and binding of

endothelin-2 (EDN2) in the rat ovary: endothelin receptor sub-

type A (EDNRA)-mediated contraction. Reprod Fertil Dev.

2010;22(5):780-787.

120. Hughesdon PE. Morphology and morphogenesis of the Stein-

Leventhal ovary and of so-called ‘‘hyperthecosis’’. Obstet Gyne-

col Surv. 1982;37(2):59-77.

121. D’Ascenzo S, Giusti I, Millimaggi D, et al. Intrafollicular

expression of matrix metalloproteinases and their inhibitors in

normally ovulating women compared with patients undergoing

in vitro fertilization treatment. Eur J Endocrinol. 2004;151(1):

87-91.

122. Tarkun I, Canturk Z, Arslan BC, Turemen E, Tarkun P. The plas-

minogen activator system in young and lean women with poly-

cystic ovary syndrome. Endocr J. 2004;51(5):467-472.

123. Schere-Levy C, Buggiano V, Quaglino A, et al. Leukemia inhi-

bitory factor induces apoptosis of the mammary epithelial cells

and participates in mouse mammary gland involution. Exp Cell

Res. 2003;282(1):35-47.

124. Kritikou EA, Sharkey A, Abell K, et al. A dual, non-redundant,

role for LIF as a regulator of development and STAT3-mediated

cell death in mammary gland. Development. 2003;130(15):

3459-3468.

125. Marti A, Feng Z, Altermatt HJ, Jaggi R. Milk accumulation trig-

gers apoptosis of mammary epithelial cells. Eur J Cell Biol.

1997;73(2):158-165.

126. Quaglino A, Salierno M, Pellegrotti J, Rubinstein N, Kordon EC.

Mechanical strain induces involution-associated events in mam-

mary epithelial cells. BMC Cell Biol. 2009;10:55.

127. Oldenhof AD, Shynlova OP, Liu M, Langille BL, Lye SJ.

Mitogen-activated protein kinases mediate stretch-induced

c-fos mRNA expression in myometrial smooth muscle

cells. Am J Physiol Cell Physiol. 2002;283(5):

C1530-C1539.

128. Karin M. The regulation of AP-1 activity by mitogen-activated

protein kinases. J Biol Chem. 1995;270(26):16483-16486.

129. Eferl R, Wagner EF. AP-1: a double-edged sword in tumorigen-

esis. Nat Rev Cancer. 2003;3(11):859-868.

130. Jenab S, Morris PL. Testicular leukemia inhibitory factor (LIF)

and LIF receptor mediate phosphorylation of signal transducers

and activators of transcription (STAT)-3 and STAT-1 and

induce c-fos transcription and activator protein-1 activation in

rat Sertoli but not germ cells. Endocrinology. 1998;139(4):

1883-1890.

131. Abell K, Bilancio A, Clarkson RW, et al. Stat3-induced apopto-

sis requires a molecular switch in PI(3)K subunit composition.

Nat Cell Biol. 2005;7(4):392-398.

132. Schwertfeger KL, Richert MM, Anderson SM. Mammary gland

involution is delayed by activated Akt in transgenic mice. Mol

Endocrinol. 2001;15(6):867-881.

1106 Reproductive Sciences 21(9)

1106



133. Provenzano PP, Eliceiri KW, Campbell JM, Inman DR,

White JG, Keely PJ. Collagen reorganization at the tumor-

stromal interface facilitates local invasion. BMC Med. 2006;

4(1):38.

134. Levental KR, Yu H, Kass L, et al. Matrix crosslinking forces

tumor progression by enhancing integrin signaling. Cell. 2009;

139(5):891-906.

135. Wozniak MA, Desai R, Solski PA, Der CJ, Keely PJ. ROCK-

generated contractility regulates breast epithelial cell differentia-

tion in response to the physical properties of a three-dimensional

collagen matrix. J Cell Biol. 2003;163(3):583-595.

136. Bignon M, Pichol-Thievend C, Hardouin J, et al. Lysyl oxidase-

like protein-2 regulates sprouting angiogenesis and type IV col-

lagen assembly in the endothelial basement membrane. Blood.

2011;118(14):3979-3989.

137. Le QT, Harris J, Magliocco AM, et al. Validation of lysyl oxi-

dase as a prognostic marker for metastasis and survival in head

and neck squamous cell carcinoma: radiation therapy oncology

group trial 90-03. J Clin Oncol. 2009;27(26):4281-4286.

138. Fu XD, Goglia L, Sanchez AM, et al. Progesterone receptor

enhances breast cancer cell motility and invasion via extranuc-

lear activation of focal adhesion kinase. Endocr Relat Cancer.

2010;17(2):431-443.

139. Daniel AR, Knutson TP, Lange CA. Signaling inputs to proges-

terone receptor gene regulation and promoter selectivity. Mol

Cell Endocrinol. 2009;308(1-2):47-52.

140. Kino T, Segars JH, Chrousos GP. The quanine nucleotide

exchange for BRX: a link between osmotic stress, inflamatory

and organ physiology and pathophysiology. Expert Rev Endocri-

nol Metab. 2010;5(4):603-608.

Jorge et al 1107

1107



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


